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?j ApptioBRts have discovered that by growns 
germaRmm-sSteon afioy at high temperatures in 
excess of about 850' C and increasing the 



sSfcori large area heterossiucttires of graded 
Ge.Sn «oy having a Sow lev* of threading 
tSslocation defects. W» lew cwcenfra&w* of 
germartuw {.ICS x SJSrj), the hatwotayer can 
b* us** as a sttSstrate for growing strained 
(aver s&*rt devices such as MOOFETS. With 
high t^rrtrafer* of Ge {J5 s x S 1.0Q) the 



devices such as light errAtins tSodes and is*- 
era. At co«arto60f» of pw» germartwn 
(X^LSO), the nsterrtayer can be used tor GaAs 



PROVIDE SILICON 1 
SUBSTRATE 



GROW LARGER AREA GRADED 
LAYER Of Ge-& ALLOY 
AT HIGH TEMPSRATJRE 



GROW SEMICONDUCTOR 
LAYER OH TOP 
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Field of th e invention 

This invention rotates to a method for making a semiconductor heterostrucrur e of jerrnariium-sil icon sBoy 
that has tow threading dislocation density in the «8oy iayer and to devices made thereby. Such Sow detect siotc- 
s tures are particularly useful as buffer layers for making seirtconductor devices comprising ;ndium geiiiuro phos- 
phide, gallium arsenide or strained isyers of silicon. 

Background of the Invention 

tc There is considerable interest in neterostructure devices involve greater epuaxiai layer thicxness and 
greaier lattice misfit than present technology w8i allow. For example, it has long been recegnfeed that gemrn- 
Biwrt-siiieen aBoy Ge^Siv , grown on eSfcen substrates wouid permit a variety of cptaeiectmnie device*, such 
as IB 0s, marrying me electronic processsn g technology of silicon VIS) circuits with the optical component tech- 
nology available in direct band semiconductors. Indeed, a has been proposed that an intermediate epitaxial 

« layer of ge/rtisnsjm-siiierjn alloy would permif the epitaxial deposition of gsfBufn arsenide overlying a slison 
substrate and thus permit a variety of new eptoeiactrenie device* using sSieon electronic components anc gal- 
lium arsenide optical aamponenfs. However, despite the wideiv rsatgnaed potential advantages of such com- 
bined structures and despite substantia! efforts to develop them, their practical uStty has been limited by high 
defect densities in hetefostruaur* layer* grown on sSican substrates. 

26 Dislocation defects psrtaion an otherwise menoSShic eryslaf structure and introduce unwanted and abrupt 

changes in eiectriesS and opticai properties. Disiocatien defects arise in effort* to epitaxiafiy grow one fed of 
crystaJiine material on a substrate of a different kind of material due to different crystal lattice sixes of the two 
matEriala. Otstocatwrts farm at the mismatched interface to relieve the misfit strain. Many of the misfit sfSsfDca- 
Serts have vertical components, termed threading segments, which extend at a slant angle through any sub- 

15 sequent layers. Such threading defects in the active regions ofseroiconducte devices seriously degrade device 
pertdmsariM. 

A variety of approaches have been used to reduce dislocations wftft varying degrees of success. One ap- 
proach is to limit the heterofeyet to a thin layer of material that has a iaBie* crystal structure dcseiy matching 
the substrate. Typically the lattice mismatch is within 1 % and thickness of the layer is kept below a critical thick- 

jo nasi for defect fcrmsticrt. in such structures, the substrata acts as a template for growth of * e beterolayer which 
eiasticafiy conforms to the substrate fernpiaie. While this approach eliminates disiocaborts to s number of struc- 
tures, there are refeliveiy few near taffies-matched systems w*h Serge energy band offsets. Thus with this ap- 
proach the design options for new devices are limited. 

A second approach set forth m the copending appKcstfcn of E. A. Ffcrgeraid, Serial No. 07/5S1744 Bed 

3$ August 2. 1 990, urjiires beterotayers of greater thickness but limited lateral area. By making the thickness sof- 
SetenSy targe as compared with the lateral dimension, threading disieeaiier!* are permitted to exit the sides of 
layer. The upper surface is thus (eft substangaKy free of defects. This approach patmss the fabrication of a va- 
riety of devices and circuits which can be made on limited area surfaces having art area of less than about 
18,008 square micrometers 

« A third approach is to deposit successive layers of c^twrwm-siifcon alloy on a slsott substrata, increas- 
ing me germanium content with each successive layer. The goaf is to avoid distocafiens by spreading the strain 
among successive layers. Unfortunately mis approach has not worked, For example, a has been found that 
step grading 20% Se over 2000 angstroms tc produce pure Ge results tn subtstanPaify the same high dislocation 
density as depositing pure Ge on St. See J. M. Baribesu et at., 63 Journal of Applied Physics 5738 11588). 

*s Ap^ntsbe8*v«mat»isa|tpreaeht^ 

C~ ifte initial layer of Si-G# is almost entirely aiasScaBy strained. Thus when the next iayer of Si-Ge with greater 
germar&m ©anient is applied, the mfsmateh between the two SM3e layers is nearly that between the initial S- 
©e iayer and the Si substrate, resulting in high dislocation density, Accordingly, there is a need for a-method 
of making targe area, low defect heterosfructures on silicon. 

so 

Summary of the invertfion 

Applicants have discovered that by growing germaoium-slScon alloy at high temperatures in excess of 
about 850* C and increasing the germanium content at a gradient of it ss than about 25% per micrometer, one 
55 can grow on siSeort large area heterosiruefures of graded G*,Sh. „ alloy having a low (evri of threading dislo- 
cation defects. Vy^towecncentrattons of ^rmenium f.105 x s .50}, me rtetereisyer cart be used as a suisstrste 
far growing strained layer sStccn devices such as MODFETS, Wth high coneensratiofB of Ge (.65 2 s & 1 .00} 
the hetorofsyEr cert be used on silicon substrates as « puffer layer for indium gallium phosphide devices such 
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so form s si icon buffer fayer. 

After formation of tie buffer fayer, me Substrata temperature S increased to about 90(5° C and the grstSed 
isyer is gmwai. Graded growth is begun with pure aifieon at a rate of abca 3 angstroms per second. The total 
growth rate is kept constant w»Se irrtroasiring germantsjm at a linear gradient of about 10% per iriaamtier. 
3 The objective « to keep growth near therms! ecuSibrium. The parameter vsriataws to graded growth to 100% 
gefmsfflum at '.3% per msororneier grading ate set forth in me Tab* 1 , gMng tnscicness, percent of Garnianium, 
tempsrafure and current rates at various times into grow*. 



PARAM ETER VARIATIONS FOR IWMaicroa GRAPtNG 
Sttrong Rxa CScwriaci): Si/3e * 



After 1 00% germanium is reached, s finaf germanium cap fayer having a thickness in Sw range fces«et< 1 000 
angstroms and one micrometer is grown on top. 
so Structures with less than 100% germaniym ran be obtained toy termir* Sing graded growth at the desired 
getrrafltttrn wnoenfratjon and growing the fmai cap layer aithalconeerrtratjor). 

£xBm^K £ fetemsiwcfare Sufestreig (CVD) 

..» AsrjrrtiminarystetJS.ara 

The wafer was ioarjed into an RfTCVD teactar »mt pumped down to « base pressure of 10" ? Terr. The wafer 
was heated to 1000* C for 15 seconds in Sawing Hj (3 ipro) to remove residua) oxygen and carton, and then 
oooied in 2 seconds to 800" C. 



4 



EP0 514O18A2 



After these rxeiimmary steps, deposition was commenced by depositing a Si buffer apprwumaely 1 DOO A 
thick. This was accomplished using SiH : Clj {1% in H 2 , 1 Ipm) for 1 minute at a pressure of about 4 Terr, inv 
medietely thereafter. GeH, (1% GeH 4 its H 4 S was introducec graduaiiy to create 8 Si-Ge aBoy iayer that «- 
creased from 0 to 50% Ge. The GeH, (tow can fee increased by Ji soon ftcw increments every 40 seconds. The 
j SiB*Qi was decreased by the same flow increment in ttie same time scale; thus, the total SeH* and SiH,C% 
flow was msimsined at 1 Ipm. Deposition at 900' C resulted in « Si-Ge grsEfd afloy layer that cootiriusiiy reis*sd 
as it was grown. 

HeSerosfructaes fabricated as described in Examples 1 and 2 demonstrate 3 reduction in defects as com- 
pared with conwniSonaity fabricated hetemstructures. Triple crystaf X-ray diffraction shows thai For Q. 10 <x< 
« 0.60, me layers are totally relaxed. The Ge.Si,., cap layers, when examined by pfan-view and KOss-secfeat 
trawsmissiett efsctmn microscopy are threading dislocation free, Bectrort beam induced current images re- 
vesied km rhteacfirtg diskxatiort derw&es of 4x10*±5*i0* cm- 3 for X-G25 end 3xt0*i2xl0« cm-* for s=C.SQ. 
Pti^minescertce spectre from the cap iayers am su bstanaalty identical to photctamtneseence from bulk Ge^ 

ts These low defect heterostructures car. serve as buffer iayers for epitaxiaJSy growing a wkSe variety sf de- 
vices varying from those emptying strained layer of silicon to toos* emptying ffi-V samicondwaons. 

m. % « a schematic crass section of a device employing a iow def ert hfitewstactura to produce a strained 
sfficcn MQDFET. in essence the MOOFET a fabricated on a heieroatrustare comprtains * G^v, cap iayer 
1 grow on a graded layer 2, ait disposed on a silicon substrate 3. The heterottnieam is fabricated as described 
so above, with a maxenum concentration of germanium in the range {0.10 * * £0.50} and pteferabiy wSh *=C.3Q. 
Ths MOOFET fabricated on the heterotayer comprises, in essefic*, 8 scathed !ay*r of sifieoB 4 epttaxisfiy 
grown on layer 1. Another layer S of Ge^SU., (initially inbinsic but n-doped altar 50 to 800 angstroms} is grown 
over the silicon end , n* spaced ar^ coniart regions SA and 66 are formed to contact die strained stttoon layer 
4. OhmSe contacts 8A end SB are made with tfe n* contact regions SA and 68, end s Schoaky barrier contact 
21 7 to layer S is disposed batween the spaced apart ohmic contacts. A dielectric layer 9 aoVjmtageoiisly separates 
the cohtaets ?, 8A, and 8B. 
. SSiccn iayer 4 preferably has a thickness in the range 1 00 angstroms to 1 000 arsgatnsms and is preferably 
undoped 

Ga.SS,., iayer 5 preferably has a thickness in the range SO angstroms to 1 000 angstroms. Layer 5 is pre- 
30 ierably intrinsic for SO to 900 angstoms and then rf coped with smSmarty, phosphorus or arsenic to a concert 
frsitofi in the range 1x1 ""/crm" - 5x1 Wcm*. Layer 5 preferably ha* a concentration of Ge pot less than that 
of cap iayer t. 

The fi* contact regions SA. and 68 are preferably formed by implanting antimony, srser* or phosphorus 
to sffcon layer 4 at a concentration of ISWewft Ttie ohmic contacts 8A and SB can be iayats ot aluminum and 
35 toeSc*io«kyccMBtt7eanbea!ayerof piatjnum. 

The reswiShg MOOFET acts as a fieid effect transistor with the advantage of higher speed. The application 
of a fiisfjaf vottsge bias » the Scftoasy contact T ^commotily Known as ffie gate) change* tha atectron density 
inside the Si Sayer4, which in torn changes the sheetcondoctance of the chsnnef between BA and 8B and results 
in transistor action. The strained saicon iayer is e particularly high speed path for at least three reasons-. 1) the 
« steer.** of tj» elisor, afters the energy bands of to* silicon to favor conduct** by low effective mass, high 
mobaStseiectora, 2) the silicon iayer is free of impuriSes to interfere with etearon Dot*, and 3} Hte siSeon iayer 
growr. on & low defect substrate has a low concentration of defects to interfere with electron Sow. 

FIG, 3 is a schemeiic cross section of an indium flalSkart arsenide surface emitting LEO fabricated on a 
heteroiayer. Speoificaiiy, the IED 20 is tatsrSested m s heterostruclure comprising » Ge^Siv, iayef 12 rjruwn 
« withiit a iajge area tub 11 on a s3k»n substrate 1 0. Trie tetetossfucture is fataieated essanb'aBy as dessibed 
atwve, ejtcept that the G*xSiv „ is doped with p-type impuriSes, sut* as Be, to s cortcerrtration of 1 5«e!irt 

The LSS 20 is fabricated on the Ge^Slv, uslns convenaonai processes such as chemieai beam epitaxy so 
form the oonstSiuem layers 21-25 whose thicknesses, constituency ano dopiog are set forth in taoSeTt betow: 
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Table 2 

Layer No. Composition Thickness Dopant Conc«straatHi 

21 I« y <Ga l _ l AI I ) J _yP i micrometer a* (Si} iO J *CHi" 3 

22 ta v {0» t ^AI,)].«P micrometer mSi) 50 JT cm~ 3 

23 k B (G* 1 _»Al,),_ )J P 0.2 micrometer none mtrbsfc 

24 h»«S»i-»AI^..P O^mioonwitf pOte) I0 !, cm~ 3 

25 E»,(0t l . l Al,)i-,P 1 micrometer ? *<8*> lO^cra" 3 



After me constituent .ayers we grown. the next step is to form ohmic contact and to isolate the device. 
Qfcmic contact 26 is framed lo contact p-doped layer 25 by depositing a layer of gold-line alloy aid photoliita- 
grspftSeaSy patterning me metal informs annular ring. 

To isolate the diotitt, the porlion Of iayers22-2S«utsid»«W metal eontari ring 26 am be etched away. Using 
a photoresist circie as a mask, e mesa is etched around ring 26 tern-snaring an n-doped layer 21, Preferably 
etching is by reactive Son etching in enter to obtain a mess wi* vertical side walla around me periphery of ring 
28. 

Next ohmie contact 27 is made with the now exposed n-dtjped layer 21 as by depositing 3 fayer of gotd- 
germanium altoy and prtototitrwgraphicelly defining annular contact ring 27 around the mesa. For further iso- 
lation, s mesa concentric with ring 27 can be chemically etched through fayer 21. 

The final slaps involve depositing passivaSno tnsuSaiirtg layers 28 and forming metal irttercormecte 29 to 
contacts 26 and 27 In eeccroars* with techniques well tacwn in the art. The interconnects can advantageously 
«wtend to integrated electronic cireuary (not shown) formed on 8w s3i»n substrate. 

In operation, s DC hiss voltage applied between contacts 26 and 27 induces emission of light dirough the 



A nafticuiST advantage of mis embodiment is that the composition of the Ge,Siv., layer can be chosen to 
lal&» match s variety of indium gaffiuro phosphkie compound* giving a wide choice cf emsssJon wavelenglhs. 
For ewsmpte, when the indium gsBtum phosphide compound matches s Oe-Si bufferwift 65-70% <Je. the emis- 
sion is been whereas a compound lattice matched to 100% Ge emits red. Thus mut* of Bis visitf* rang* can 
fee covered, 

P !6.4 is e schematic cross secfiwof « GsAs surface emitting LED fabricated on ■ hetorolayer. In patfieviar, 
the LED 30 is fabricated on a r^erostructors comprising a Oe^i,,, layer 12 grown within a Sara* area tub 1 1 
on a saloon substrate 1 0, tn eddifion the LED ia shown connected vis a metal lead 36 fn e driva transistor 40 
integrafly formed m sSeon subsfrate 10. 

The Se h »Sf,. jtoyer stormed in tub 1 1 as described w Example 1 above. The ©ajSiuls preferably undeped 
sndBchlevesafinai eamfxwtacorsisiir^essrwM^ thamateriais 
OflEDSO. 

LED 30 comprisss a layer of n-dooed Al,Ga v , As 31 grown on the Ge surface, as by M8E, a fayer af p- 
doperi GaAs 22 gr own on layer 31 and a Sever 33 of p* doped Ai,^ , As grown on isyar S2. The LED has an 
annular p-type ohrmc contacts to layer 33 and an tvtype ohmie contact 35 to layer 31 

In a specific slruciure, n-iayerSlcanbeoocedwithsSiccnica concwitratwri of ifWcm* and have 3 »3ck- 
ness of 9.6 micrometer, p-teyer 32 can be doped with &e to e concentration of 10«tern» and have a thickness 
otcemicrometef. S>* layer 32 can be doped with Be to I0«*m> and have a thicKness of O.Srnicrorneters.Tne 
rvcontact 3S can be a composite layer of nickel, titanium and gold, and the p-contact 34 cart be MM altoy. 
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The LED 30 can be cenrtectetf » transistor 40 with aluminum irmercoiWMto 3$. 

Drive trehsistcf 4Q consists essertlialty of an n-type emitter 41, S p-iype base 42 and sn n-twrn scfiecta- 
43 integrally fabricated on silicon substrate 1 0 in accordance with conventional techragues well fcrwwn in She 
art. 

This example iilustraies fee important advantage that th« irtvenfton permits silicon electronic components 
(e.g. trans isfor40) and fif-V semiconductor optica) components {e.g. LED 30) io be fabricated on the sums sub- 
strata. Chaffy, much more complex circuits can he fabricated on the structure. 



sfl Claims 

1, * method tor making a semiconductor device comprising the steps of. 

prawdina. a monoays&aine silicon substrate 

ep&urieily Growing an said siSeon substrate si a temperature in excess of 850° C a graded leyer 
« of Ge^i,., wish increasing germanium content at a gradient of teas man about 25% pet micrometer, 
epfcwiafly growing a layer of ^conductor material above said graded layer of Ge^Si,. „ 

2, The method of claim 1 wherein said layer of semiconductor material comprises a cap layer of Ge-Si sliey 
having me same composition as the surface of the graded layer and a thickness in excess of 100 ano- 
stroma. 

3, The method of claim t wherein said graded lever of Ge,Si,., has a fi^ co*r^tion in the range C.1 S » 
£ 0.5 and said layer of semieenauctor materia! comprises sRlcon. 

4, The method of daiml wherein said graded layer af Ge^Si,., has a final compos&)n in the range (0.65 S 
H x « 1,0} and said layer of semiconductor materia! comprises indium gaiiium phosphide. 

5, The method af ciaim 1 wherein said graded iayer of Ge^i,. , has a final composition of pure germanium 
and said layer of semiconductor m3tert&t comprises gaiiium arsenide or aluminum gafttum arsenide, 

a> «. The method of ciaim 1 wherein said epitaxial layers are grown by molecular beam epitaxy. 

7. The method of eiaim 1 wherein said epitaxial layers are grown by chemieai vapor deposition, 

8. T he method of ciaim 1 further comprising the step of providing, said sStecn substrate wSft a recessed tub 
» having a depth equal to the sum of me thickness of the graded layer of Ge»Si v , and the cap iayer. 

9. The method of ciaim 1 wherein the temperature of growth of said gradad layer of Ge,Si t . , is scaled in pro- 
portion to the melting temperature of the Ge^SS,.,. 

^ 10. The method of claim 1 wherein me area of said graded Ge^,. Jayer exceeds 1Z0OOaa>iare microns, 

11. A MGDFFT device comprising 

a iayer of germantum-siliccR eitoy having germanium Borusmtratic* in the range between 10 percent 
amf SO pare*** 

a iayer of strained slieon epitaxialty grown on said layer of aBoy; 
* a second layer of B errn3mun>s3icor> afroy epitsnaBy grown on said strained sifcen layer, said sec- 

ond iayer irsctotfing donor dopants and spaced apart contact rector** for etectrictfly contacting ssid sitesn 

source and drain ohmic contacts means disposed on said second layer of ailoy for contaBng sard 
contact restarts 

58 SehctSy barrier contact means disposed between said source and drain contact means, whereby 

conduction between said source and drain is enhanced by appiication of a negative voltage to said Sshctt- 
ky contact 

11 A device comprising: 

ss a iayer of germanrym-slicon alloy Ge^Si,. „ fQ.1 0 s * £ .50) having a threading dislocation aertsity 

of l ess ttianSxl Cere- 2 ; 

a strained layer ef siicon epiiaxlaiiy grown on said layer of atey: 
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PROVIDE SILICON 
SUBSTRATE 



GROW LARGER AREA GRADED 
LAYER OF Ge-Si ALLOY 
AT HIGH TEMPERATURE 



GROW CAP LAYER AT 
FINAL COMPOSTmON 



GROW SEMICONDUCTOR 
LAYER ON TOP 



FIG. 2 
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FIG. 3 




10 



